The behavior of imidacloprid was investigated in two paddy plots with conventional release granular formulation and controlled release granular formulation corresponding to before transplanting (BT) treatment and at sowing (AS) treatment (14 days before transplanting) in nursery boxes, respectively. The maximum concentrations of imidacloprid were 30.2 mg/l and 3.0 mg/l in paddy water at 0.5 days after transplanting (DAT), and 278.4 mg/kg and 81.4 mg/kg in 1cm paddy surface soil at 1 DAT for BT and AS treatments, respectively. Dissipation of imidacloprid from paddy water and 1 cm paddy surface soil can be described by biphasic first-order kinetics in the water and single phase first-order kinetics in paddy soil. The half-lives (DT 50 ) of imidacloprid in BT and AS treatments were 2.0 days, 2.4 days during the first phase (7 days) in paddy water, and 12.7 days and 11.0 days in paddy soil, respectively. AS treatment with controlled release granular formulation had lower concentrations of imidacloprid in paddy water and surface soil and has the potential to pose a lower environmental risk than BT treatment with conventional release granular formulation.
Introduction
Nursery boxes with applied insecticide have been used in Japan for rice cultivation since the 1970s. 1) Depending on the farmer's agricultural practice, granular insecticide can be applied in different periods of rice seedlings in a nursery box either at sowing (AS) or before transplanting (BT). For AS application, the insecticide may be applied with soil incorporation or sandwiched together with rice seeds by soil. For BT application, the insecticide is broadcast over the rice seedlings in the nursery box immediately before transplanting rice seedlings.
Imidacloprid (1-(6-chloro-3-pyridylmethyl)-N-nitroimidazolidin-2-ylidene-amine) is a systemic insecticide popularly used worldwide. Imidacloprid has relatively low reported K oc , ranging from 132 to 310, and relatively high water solubility of 514 mg/l. 2, 3) According to the classification by Cohen, 4) the K oc values indicate that imidacloprid would generally have high mobility in soil. Previous studies reported the behavior of imidacloprid (Admire) in nursery boxes with applied granular insecticide using the BT treatment method. 5, 6) The environmental fate of imidacloprid is rather inconsistent depending on the application method, formulation of the pesticide and field conditions. 7) The new controlled release granular formulation of imidacloprid (Admire CR) for AS treatment has been commercially available in Japan since 2009. In general, the aims of controlled release formulations are to regulate the supply of the agent, to allow the release of the agent to target at a controlled rate, and to maintain its concentration in the system within optimum limits over a specified period of time, thereby providing great specificity, minimizing the adverse effects, and optimizing its effectiveness. 8, 9) The controlled release formulation has an advantage in reducing pesticide losses by leaching, evaporation, degradation, phytotoxicity, and the use and impact of pesticides on the environment. [10] [11] [12] With controlled release technology, the granular formulation can prolong pesticide effects, as well as increase the effectiveness of the product. 13) It has been studied intensively with herbicides [14] [15] [16] and insecticides with the new controlled release formulation and sandwich application technique, the Admire CR product could reduce its phytotoxicity to the rice crop and the degradation losses of the active ingredient. However, the behavior of this new formulation with AS treatment in rice paddy fields has not yet been investigated. A better understanding of insecticide behavior in the rice paddy environment is required to improve its risk assessment in an aquatic ecosystem; therefore, the goal of this study was to investigate the environmental behavior of conventional release and controlled release granular formulations of imidacloprid applied in a nursery box for BT treatment and AS treatment in a rice paddy field.
Materials and Methods

Field experiment
The experiment was conducted in two paddy plots of 26 mϫ 7 m in the experimental paddy field of the Tokyo University of Agriculture and Technology in Fuchu, Tokyo from May 15 to June 20, 2008 (Fig. 1 ). The soil in these plots was a light clay soil with an organic carbon content of 3.0%. The plots were manually irrigated every day. The initial water depths at the time of rice nursery transplanting were 1.9 cm and 2.2 cm, respectively, in BT and AS plots, respectively. The following day, the plots were irrigated up to about 3 cm. Both plots had an installed drainage gate of 7 cm (from the soil surface) during the first week and 8 cm during the following weeks. Plastic borders were set up all around the plots to prevent lateral seepage from/to the outside. Water balance data, including water depth, irrigation, surface drainage, and evapotranspiration (ET), were monitored daily. Precipitation data were collected from a weather station located about 2 km from the plots. The depth of paddy water in each plot was recorded daily by a water level sensor (LSP-100; UIJIN Co., Ltd., Tokyo). ET was observed by a water level sensor in a 35ϫ50ϫ30 cm lysimeter with four growing rice plants placed near to the monitoring plot (Fig. 1) . The total percolation, including lateral seepage, was calculated from the remaining monitored hydrological data. 20) Granular imidacloprid was applied as Admire 2% a.i (Bayer CropScience, Japan) as the conventional release formulation for BT treatment and Admire CR 1.95% a.i (Bayer CropScience, Japan) as the controlled release granular formulation for AS treatment in plot 1 and plot 2, respectively. The application rate was 10 kg/ha.
In the AS treatment, Admire CR was applied together with germinated rice seeds at sowing about 14 days before the transplanting day. First, about 2 cm of bed soil was placed in the nursery box, followed by the rice seed, and then granular insecticide was broadcast at the prescribed application rate, and about 1cm of soil was placed to cover the nursery box in which the insecticide was sandwiched with soil. In the BT treatment, Admire was applied on the surface of the nursery box containing 14-day-old rice seedlings in about the 2 to 2.5 leaf stage, 10-15 cm tall, immediately before transplanting. Rice seedlings in nursery boxes were transplanted by a transplanting machine with spacing of 16 cmϫ30 cm on May 15, 2008 . The transplantation depth was 4.4Ϯ0.7 cm (nϭ30) below the soil surface.
Sampling and chemical analysis 2.1 Sampling
Before transplanting, soil samples were collected from the nursery boxes of BT and AS treatments by driving a 2.5-cm i.d. stainless steel ring into the soil and then picking it up carefully. Five soil samples were taken from 5 different spots in each nursery box and stored separately. Paddy water samples were collected at 0.5, 1, 3, 7, 15, 21, 29, and 35 days after transplanting (DAT). At each sampling, five 125-ml samples of paddy water collected from 5 spots were mixed together to make one composite water sample. Similarly, paddy surface soil samples were collected at 1, 3, 7, 15, 21, 29, and 35 DAT. Five 50-g samples of surface soil (0-1 cm depth) were also collected from these spots to make the composite soil sample. The samples were kept frozen at Ϫ20 o C until chemical analysis.
Chemical analysis
Imidacloprid standards (Ն99% purity), analytical grade solvents (Wako Pure Chemical Industries, Osaka, Japan) and a Milli-Q Water Purification System (Millipore, Billerica, MA, USA) were used for chemical analysis.
The nursery box soil sample was finely ground and homogenized with a ceramic mortar and pestle after rice seedlings had been manually removed. Then, a 5 g soil sample was extracted by sonication in 20 ml acetonitrile for 30 min in a 200-ml Erlenmeyer flask. The sample was shaken and equilibrated for 2 hr and then allowed to settle for 1 hr. The liquid was first decanted from the residue. The residue was shaken again with 30 ml acetonitrile for 30 min. The liquid phase was separated from the soil by passing through a 1.2-mm glass fiber filters (GF/C; Whatman, Maidstone, UK). The soil residue was washed again three times with 10 ml acetonitrile. All the extracts were combined and then adjusted up to 100 ml with acetonitrile. Then, a 1 ml of the sample was filtered through 0.2-mm syringe filters (Whatman), and kept at 4°C for high performance liquid chromatography (HPLC) analysis.
Water samples were thawed at ambient temperature and filtered through 1.2-mm glass fiber filters (GF/C; Whatman) before extraction. The solid-phase cartridge ENVI C18 Superclean (500 mg/6 ml, Supelco; Sigma-Aldrich, St. Louis, MI) was preconditioned with 5 ml acetonitrile and washed with 5 ml water. Subsequently, an appropriate volume of water sample was passed through the cartridge at a flow rate of 3 ml/min without allowing the cartridge bed to dry, and the eluate was discarded. The adsorbed chemicals were eluted with 6.0 ml acetonitrile. The eluate was evaporated under vacuum pressure and the residue was redissolved in 1 ml acetonitrile/water (20 : 80, v/v). The samples were filtered through 0.2 mm syringe filters (Whatman) and kept at 4°C for HPLC analysis.
Soil samples were first centrifuged at 5000 rpm for 5 min and then at 12500 rpm for 20 min using high-speed centrifugation (H-1400pF; Kokusan) to remove soil water and then pulverized in a ceramic mortar. Twenty grams of dried soil sample were extracted by sonication with 60 ml acetonitrile for 20 min in a 200-ml Erlenmeyer flask. The sample was shaken and equilibrated for 2 hr and then allowed to settle for 1 hr. The liquid phase was separated from the soil by passing through a 1.2-mm glass fiber filter (GF/C; Whatman). The soil residue was washed again three times with 10 ml acetonitrile. All the extracts were combined and then the organic solvent was evaporated under vacuum pressure. The residue was redissolved in 2 ml acetonitrile/water (20 : 80, v/v). The samples were filtered through 0.2-mm syringe filters (Whatman) and kept at 4°C for HPLC analysis.
Analyses were performed using the Shimadzu HPLC System consisting of the LC20AD Separations Module and the SPD-M20A photo diode array detector. The system was controlled by LCSolution software from a computer. The analytical column was a Shimadzu C-18 with 20 mmϫ4.0 mmϫ 5 mm particle size (Shimadzu Corporation, Kyoto, Japan), which was kept at 40°C during the analytical run. The detection was performed at 270 nm. The pump was set in isocratic mode at the rate of 1 ml/min with the mobile phase of acetonitrile/water (20 : 80, v/v). The volume of the sample injection was 20 ml. The detection limits were 0.05 mg/l for the water sample and 1.0 mg/kg for the soil sample, respectively. The recoveries (nϭ3) were 90.0Ϯ5.6% and 87.2Ϯ6.1%, respectively, for water and soil samples.
Results and Discussion
Water balance monitoring
Water balance components, including irrigation, discharge, percolation and evapotranspiration, of the two experimental plots during the 35-day monitoring period are shown in Table  1 and Fig. 2 .
There were six major precipitation events more than 2 cm/day during the monitoring period. Due to large rainfall depths, the water levels in 4-5 DAT, 13-20 DAT, and 27 DAT in both plots were over 5 cm (Fig. 2) ; however, only three runoff events occurred in 4 DAT, 5 DAT and 13 DAT (Fig. 2) . The first runoff at 4 DAT was 4.2 and 4.6 cm due to 9.65 cm rainfall on the same day, followed by the second runoff of 0.4 and 0.5 cm at 5 DAT in plot 1 and plot 2, respectively. The third runoff at 13 DAT was 1.2 and 1.7 cm in plot 1 and plot 2, respectively, due to 6.5 cm rainfall (Fig. 2) . The average percolation rates in plot 1 and plot 2 were 0.7 and 0.8 cm/day, respectively. There was a slight difference in percolation between the two plots, possibly because of the inconsistency of the soil physical condition in the plots. This difference consequently resulted in a higher irrigation requirement for plot 2 ( Table 1) .
Pesticide behavior in paddy water and paddy surface soil
The initial concentrations of imidacloprid in the nursery box soil samples before transplantation were 140.5Ϯ24.0 mg/kg (nϭ5) and 132.9Ϯ16.2 mg/kg (nϭ5) for BT and AS treatments, respectively. Although Admire and Admire CR products had a slightly different percentage of the active ingredient of imidacloprid and a different application time, the initial concentration of imidacloprid in the soil samples in the nursery boxes of the corresponding BT and AS treatments was not significantly different, with a probability level of 0.05 (t-Test). This result indicated that the imidacloprid loss of Admire CR product in AS treatment by degradation and runoff during incubation in the nursery box was insignificant. Figure 3 shows the concentration of imidacloprid in paddy water (a) and 1 cm paddy surface soil (b) for both treatments. Although the difference in application rates between BT and AS treatments was insignificant, the concentrations of imidacloprid in water in AS treatment were about one eighth of those in BT treatment and the corresponding ratio for the concentration in soil was about one third. The maximum concentrations of imidacloprid in paddy water were 30.2 mg/l and 3.0 mg/l, respectively, for BT and AS at 0.5 DAT, and the maximum concentrations of imidacloprid in 1 cm surface soils were 278.4 mg/kg and 81.4 mg/kg, respectively, at 1 DAT. The total mass of imidacloprid recovered from water and 1cm surface soil in BT and AS treatment peaked at 1 DAT. When compared with the initial application mass, the relative masses of imidacloprid in paddy water and 1 cm surface soil with BT treatment were 4.3% and 14.9%, respectively, at 1 DAT, while those with AS treatment were only 0.4% and 4.3%, respectively.
In general, imidacloprid concentration in paddy water and paddy surface soil for both treatments declined exponentially with time due to dilution and losses through percolation and runoff in addition to degradation processes such as photodegradation 2, 21, 22) and hydrolysis 2, 22, 23) in paddy water, and leaching and biochemical degradation in surface soil. The concentrations in paddy water sharply declined during the first 7 DAT. About 9.7 cm of precipitation fell on about 3 cm paddy water on 4 DAT (Fig. 2) and the concentration was diluted accordingly.
Three different factors in the application of imidacloprid in plot 1 and plot 2, such as the treatment method, granular formulation and percentage of the active ingredient, can be considered to influence imidacloprid concentrations in paddy water and surface soil. Because imidacloprid in Admire and Admire CR was slightly different, 2% and 1.95%, respectively, the difference in the granular formulation of Admire and Admire CR and between BT and AS treatments were probably responsible for the major difference in the concentration of imidacloprid in plot 1 and plot 2. In this study, however, data were not available to evaluate the influence of each factor separately. With Admire, imidacloprid was formulated as a conventional release formulation which allows quick release in water within several hours. Meanwhile, Admire CR was formulated as a controlled release formulation. Technical information regarding the controlled release formulation of Admire CR was unknown; however, it was reported as an example of the controlled release formulation of imidacloprid that the inactive ingredient in the controlled release formulation was made by adsorptive materials or sorbents, 3, 18) which allow active ingredients to be slowly released to water. T 50 (time taken for 50% of the pesticide to be released) of imidacloprid in Admire was less than 1 day and Admire CR was about 20 days, respectively at 25 of imidacloprid in several controlled release formulations was 0.6-6.5 days for lignin-based formulations, 19) 14.6-18.7 hr for alginate-bentonite formulations, 11) 0.9-12 days for lignin formulations, 17 ) and 7.6-6290 hr for alginate-bentonite-activated carbon formulations.
18) The release mechanism of imidacloprid from the granular formulation was reported as a diffusion process in several publications. [17] [18] [19] The release rate of active ingredient from granules depended on the characteristics of sorbents, 8, 18) sizes of the granules, 16, 17, 19) loading mass of the pesticide, and physicochemical properties, such as the aqueous solubility and lipophilicity of pesticides. 8, 16, 18, 19, 24) The mechanism of dissolution and sorption of imidacloprid for BT and AS treatments in rice paddy fields is elucidated in the Fig. 4 . In BT treatment, granular imidacloprid on top of the seedbed was exposed directly to surface water through holes made upon transplanting in the rice root zone area (Fig.  4) . Although these holes will close after a few days, some granules may be directly dissolved in surface water to have an initial peak concentration on the first day. Imidacloprid is then dispersed in paddy water and distributed between paddy water and surface soil along with quasi-equilibrium sorption phenomena. In contrast to BT treatment, granular imidacloprid in AS treatment was covered by a thin layer of soil in which the diffusion of imidacloprid through soil into surface water may be the main process. Soil particles covered the granule insecticide retarded diffusion process of pesticide to the aqueous phase. 3, 10, 17, 25, 26) Moreover, previous studies reported that soil particles may behave like a controlled release formulation because of their adsorption-desorption characteristics. 24, 27) In addition to the controlled release formulation, this soil layer promoted a slower release rate in AS treatment; consequently, the low concentration of imidacloprid was found in AS treatment. Since imidacloprid in water is very sensitive to sunlight, 2, 21) the controlled release formulation with AS treat- Vol. 36, No. 1, 9-15 (2011) Effect of formulations and treatment methods of nursery boxes 13 Where y is a natural logarithm of imidacloprid concentration, x is the time after transplanting day (day), R 2 is the square of the correlation coefficient of x and y. a) The turning point of the phase of imidacloprid concentrations in paddy water was at 7 DAT. b) Lower and upper 95% confidence intervals are provided in parentheses.
ment could reduce imidacloprid loss by a photodegradation process.
The ratios of concentration in surface soil to that of paddy water at 1 DAT were 12.6 and 29.4, respectively for BT and AS treatment (Fig. 3) . In terms of environmentally friendly application, AS treatment with Admire CR granules has a high advantage in reducing the concentration of imidacloprid in the paddy environment compared to BT treatment with Admire granules; therefore, it has the potential to pose a lower risk to the adjacent aquatic environment with proper management than BT treatment. Table 2 shows the dissipation half-lives of imidacloprid in paddy water and 1-cm paddy soil in BT and AS treatments. The dissipation process of imidacloprid in paddy water in this study was fitted with biphasic first order kinetics and that in paddy soil was fitted with single phase first order kinetics. The turning point between the two phases in water was at 7 DAT for both treatments. The first phase, which lasted for 7 days, corresponded to the initial dissipation of imidacloprid. The second phase, extending from 7-35 DAT, exhibited a significantly slower dissipation rate than the first phase. Previous studies 8, 29) also applied the biphasic first order kinetics to fit the measured herbicides in rice paddy fields under flooded conditions. The half-lives (DT 50 ) in the second phase were much longer than in the first phase (Table 2) . Phong et al. reported the same phenomena with granular herbicides simetryn and thiobencarb in Japanese paddy fields. 28) Imidacloprid dissipation in paddy water is very rapid compared to other reported pesticides, such as fungicide tricyclazole of 11.4-12.1 days 5) or herbicides ranging between 2.0 and 6.0 days. 20) Imidacloprid is very sensitive to solar radiation. Its DT 50 of photodegradation in water was reported to be less than 3 hr.
2) Previous studies reported that the DT 50 of imidacloprid dissipation in paddy water conditions was 4 days, 6) 2 days, 5) 1.6-2.8 days, 30) 2.6-2.7 days. 31) A probable explanation for the dissipation of imidacloprid in paddy water is that the initial dissolved imidacloprid quickly degraded and then the concentration in paddy water gradually declined in response to photolysis and the release of adsorbed imidacloprid from paddy soil into paddy water. Imidacloprid dissipated much slower in paddy surface soil than in paddy water. DT 50 s of imidacloprid in surface soil (Table 2) were comparable with previous studies, such as 12-12.9 days, 5) 12.1-24.1 days, 31) 8.4-12.5 days. 30) Fossen 2) reported that imidacloprid was persistent in soil with DT 50 ranging from 27 to 229 days. The results showed that the concentration ratios of imidacloprid in 1-cm surface soil to those in paddy water increased over the incubation time. The same phenomena were also reported in previous studies with several herbicides 32, 33) and with the insecticide imidacloprid. 34, 35) The aging effect causing the increased partitioning coefficient of herbicides with the incubation time 32, 33) may have affected the fate of imidacloprid in a later period. It was observed in this study that the holes made upon transplanting (Fig. 4) were automatically covered by surface soil after 3-4 DAT in both AS and BT treatments. These soil particles occupied the granular surface and reduced the release rate of imidacloprid into paddy water as a result of previous findings. 3, 10, 17, 25, 26) Again, the covered soil particles play a role, as does the controlled release layer discussed previously. 24, 27) This layer partly reduced the imidacloprid release rate in both treatments. Consequently, the slow release rate of imidacloprid from soil to paddy water in addition to the photolysis of imidacloprid in paddy water resulted in increased partitioning towards the later period. Similar conclusions have been suggested by other studies. 34, 36, 37) 
